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When a moving border deﬁned by small changes in luminance (or by diﬀerences in colour) is placed in close proximity to moving
borders deﬁned by large changes in luminance, the low contrast border can appear to jitter. Previously, the existence and charac-
teristics of this phenomenon were established using subjective reports. Here, we show that spatial judgments become more diﬃcult in
the presence of illusory jitter, presumably because of the positional uncertainty that is induced. We also explore the inﬂuence of the
distance between the diﬀerent types of moving border. We ﬁnd that this manipulation inﬂuences the salience and amplitude, but not
the perceived rate, of illusory jitter. Finally, we show that illusory jitter remains when the diﬀerent types of moving border are pre-
sented to diﬀerent eyes. These observations suggest that this phenomenon arises at the cortical level and are consistent with our
earlier proposal—that illusory jitter can occur because the visual system periodically resolves a spatial conﬂict that arises when a
rigid moving object contains diﬀerent apparent speeds.
 2005 Elsevier Ltd. All rights reserved.
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Recently, we have shown that a moving border de-
ﬁned by small changes in luminance contrast, or by
changes in chromatic contrast, can appear to jitter when
placed in close proximity to a high luminance contrast
moving border (Arnold & Johnston, 2003). For in-
stance, we found that as a red/green bulls-eye conﬁgu-
ration moves over a dark background, the perceived
position of the central region of the stimulus can appear
to jitter. In this situation, the border between the outer
region of the bulls-eye and the dark surround provides
a motion signal deﬁned by large changes in luminance
whereas the border between the central and outer re-
gions of the bulls-eye provides a motion signal deﬁned
by very small changes in luminance—or by chromatic
contrast (Arnold & Johnston, 2003).0042-6989/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2005.04.020
* Corresponding author. Tel.: +61 0 2 9351 2845.
E-mail address: dereka@psych.usyd.edu.au (D.H. Arnold).The illusory jitter that we observed cannot be an arte-
fact caused by artiﬁcial lighting or CRT monitor presen-
tation as it could be seen in a printed sun-lit stimulus
(Arnold & Johnston, 2003). Nor does the illusory jitter
appear to be a general property of motion deﬁned by
small changes in brightness, as it could not be seen when
a green dot rotated against a static red ring (Arnold &
Johnston, 2003). The positional jitter is unlikely to be
a simple consequence of small involuntary eye move-
ments (Murakami & Cavanagh, 1998; Murakami,
2003) as illusory jitter could only be seen at a speciﬁc
point within the stimulus—the moving border deﬁned
by little or no diﬀerence in luminance (Arnold & John-
ston, 2003). This contrasts with involuntary eye move-
ments which typically cause shifts of the entire retinal
image or, in rare situations, of all regions of the retinal
image other than an area that has been pre-exposed to a
period of luminance ﬂicker (Murakami & Cavanagh,
1998; Murakami, 2003).
Surprisingly, the rate of motion induced spatial con-
ﬂict (MISC) does not appear to be related to object
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jitter was measured by adjusting the rate of physical
luminance ﬂicker to achieve a match. Estimates of illu-
sory jitter rate did not vary as a function of object speed,
although the probability of seeing illusory jitter (jitter
salience) was aﬀected by speed (Arnold & Johnston,
2003).
As MISC rate does not appear to be inﬂuenced by
stimulus speed and MISC can be seen in a stimulus in
which form and motion are invariant, the characteristic
rate of MISC (22 Hz) is unlikely to be stimulus driven.
Instead, MISC rate appears to reﬂect the time course of
a dynamic neural process.
We believe jitter is the result of a number of factors.
The perceived speeds of motion deﬁned by large and
small changes in luminance (or by changes in colour)
can diﬀer (Anstis, 2001; Blakemore & Snowden, 1999;
Cavanagh, Tyler, & Favreau, 1984; Thompson, 1982).
As perceived position can be inﬂuenced by motion (De
Valois & De Valois, 1991; Durant & Johnston, 2004;
Nishida & Johnston, 1999; Whitney & Cavanagh, 2000;
Whitney et al., 2003), unless some form of resolution oc-
curs, adjacent borders deﬁned by large and small changes
in luminance might appear to disengage (Nguyen-Tri &
Faubert, 2003). The resolution of this conﬂict could gen-
erate the apparent jitter. We have proposed that the char-
acteristic rate of MISC might reﬂect the temporal
dynamics of recurrent neural processes that mediate the
integration of motion-based spatial predictions and sub-
sequent spatial processing (Arnold & Johnston, 2003).
The explanation described above places a great
emphasis upon the rate of illusory jitter—which falls
within the beta range (20 Hz). Phase synchronisation
in the beta range has been found between separated re-
gions of cortex (Gross et al., 2004; Tallon-Baudry,
Bertrand, & Fischer, 2001; von Stein, Rappelsberger,
Sarnthein, & Petsche, 1999) and has been implicated in
the mediation of interactions between component parts
of distributed neural networks (Bibbig, Traub, & Whit-
tington, 2002; Gross et al., 2004; Kopell, Ermentrout,
Whittington, & Traub, 2000). Recently, it has been
shown that beta frequency synchronisation between dif-
ferent cortical regions correlates positively with target
detection, and negatively with non-detection, in the
attentional blink paradigm (Gross et al., 2004). This, it
was argued, may indicate that network states related
to visual sensitivity are dynamically modulated by beta
frequency interactions between diﬀerent regions of cor-
tex (Gross et al., 2004). Given the similar rates, we envis-
age that MISC might also be driven by intra-cortical
region interactions between motion computation and
prediction (V5) and spatial processing (V1).
Although our earlier data and observations suggest a
robust interaction between motion and position coding,
to date we have relied upon subjective reports to estab-
lish the existence and characteristics of the interaction.Observers were asked if they could see any jitter—
a yes/no task (Arnold & Johnston, 2003). However, if
MISC reﬂects the temporal dynamics of an inﬂuence
of motion processing on spatial perception, the conse-
quences of this interaction should be seen in a perfor-
mance-based measure of spatial vision. For instance, if
the proximity of moving borders deﬁned by large and
small changes in luminance causes periodic shifts in
the perceived position of the border deﬁned by small
changes in luminance, spatial judgments involving this
border should be diﬃcult.2. General methods
All stimuli were displayed on a 19 in. Sony Trinitron
Multiscan 400PS monitor, with a refresh rate of 100 Hz,
driven by a VSG 2/5 (Cambridge Research Systems).
The stimuli were viewed binocularly in a darkened room
from 57 cm with the head placed in a headrest. Stimuli
contained two colours, red (Commission Internationale
dEclairage (CIE) 1931 chromaticity chart: x = 0.60,
y = 0.34) and green (CIE 1931; x = 0.28, y = 0.595).
The luminance of red used in Experiments 1 and 2 was
14.5 cd/m2. The luminance of red used in Experiment
3 was 11 cd/m2. Prior to all experiments, the green lumi-
nance perceived to match red was measured, for each
observer, using the minimum motion technique (Anstis
& Cavanagh, 1983). The retinal velocity of all movement
in all experiments was 4.67/s.
2.1. Methods of Experiment 1
Four observers participated in Experiment 1. All
observers were naı¨ve as to the purpose of the study
and had normal, or corrected-to-normal, visual acuity.
Stimulus conﬁgurations used in Experiment 1 are
depicted in Figs. 1a–c. In each of three experimental con-
ditions, observers viewed three vertically translating
green bars. These bars consisted of a large central bar
(width 1.2, height 0.23) ﬂanked by two smaller bars
(width 0.6, height 0.23). Therewas a 0.2horizontal sep-
aration between the edges of the large and smaller green
bars. This conﬁguration was centred either 2.57 to the
left or right of a central ﬁxation cross, determined at ran-
dom on a trial-by-trial basis. On each trial, the trajectory
of the large central green bar commenced 2.34 above or
below the central ﬁxation cross. Again, this was deter-
mined at random on a trial-by-trial basis. The three green
bars then drifted upward or downward, depending upon
the initial position of the central bar, for 1 s.
As depicted in Figs. 1a–c, there were three modes of
stimulus presentation: the three green bars could be pre-
sented in isolation against a dark background (Fig. 1a),
centred over a static red column (width 1.4, height 8.4)
so that the central green bar was surrounded by the red
bc
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Fig. 1. Schematic diagrams of the stimulus conﬁgurations used in
Experiments 1 (a–c), 3 (d), and 4 (e–h). (a–c) In Experiment 1, large
green and smaller ﬂanking bars were either presented against a dark
background, so that the movement of all three was signalled by large
diﬀerences in luminance contrast (a) with the large green bar
superimposed against a static red column so that the motion of the
large bar was eﬀectively Isoluminant (b) or with the large green
superimposed over a moving red square so that the isoluminant
motion signal of the large green bar was eﬀectively Sandwiched by the
leading and lagging motions signalled by large diﬀerences in luminance
at the edges of the red square (c). (d) Stimulus and parameters used in
Experiment 3. (e–h) Experiment 4, stimulus conﬁgurations were viewed
with a prism placed in front of the right eye. This prism horizontally
reversed the image that reached the right eye. Stimulus conﬁgurations e
and f were symmetric so identical images were shown to both eyes. We
refer to these conditions as the Isoluminant (e) and Binocular (f).
Conﬁgurations g and h were asymmetric, so diﬀerent images were
shown to the two eyes. However, because the image presented to the
right eye was reversed, all stimulus conﬁgurations appeared symmet-
rical when viewed binocularly. We refer to conﬁguration g as
Ipsilateral, as the dark and large green bars appeared on the same
side of the images shown to either eye, and to h as Contralateral as the
dark and large green bars were shown on diﬀerent sides of the images
shown to either eye and only appeared to be in close proximity when
viewed binocularly.
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(Fig. 1b), or centred over a red square (width/height
1.4, Fig. 1c) that moved in the same direction and at
the same speed as the green bars. In the ﬁrst condition,
the movement of all three bars was signalled by large
changes in luminance—the Luminance vs Luminance
condition. In the second condition, movement of the
ﬂanking green bars was signalled by large changes in
luminance whereas the movement of the larger central
bar was signalled by very small changes in luminance
or by chromatic contrast—the Isoluminant vs Lumi-
nance condition. This was also true of the third condi-
tion, however, in this condition the isoluminant
motion signal was preceded and followed by high lumi-
nance motion signals (the edges of the coherently drift-
ing red square). We therefore refer to this motion
signal as being sandwiched—the Sandwiched vs Lumi-
nance condition.During a run of trials, the physical vertical separation
between the large central, and smaller ﬂanking green
bars, was manipulated according to the method of con-
stant stimuli. During a run of trials, seven vertical oﬀsets
(ranging ±0.28 from vertical alignment) were each sam-
pled on 10 occasions. After each trial, the observer indi-
cated if they felt that the central bar had been positioned
above, below, or in alignment with the ﬂanking green
bars by either pressing a response lever up, down, or
by pressing a third lever either up or down—a three
alternative forced choice task. The third choice—
aligned—was provided to minimise any eﬀects of re-
sponse bias around the point of subjective equality,
e.g., a tendency to select the larger central bar as ahead
when observers felt that the three bars in the stimulus
were aligned. Each trial was scored accordingly—0 if
the observer indicated that the central bar was lagging,
0.5 if the observer felt that the central bar was aligned,
and 1 if the observer felt that the central bar was
leading.
Each run of trials provided a distribution of perceived
alignment as a function of the physical oﬀset between
the large central and smaller ﬂanking green bars. A psy-
chometric function was ﬁtted to each distribution and
the x-coordinate of the point on the ﬁtted function giv-
ing a score of 0.5 was taken as an estimate of the spatial
oﬀset at which the three bars appeared aligned. The dif-
ference between the points on the abscissa that had ﬁtted
scores of 0.5 and 0.75 was taken as an estimate of the
discrimination threshold—a measure indicating how dif-
ﬁcult the observer found the spatial decisions.
Each of the four observers completed a run of trials
for each of the three experimental conditions. Perfor-
mance during the Luminance vs Luminance condition
was taken as a baseline, allowing us to compare perfor-
mance during this condition with the other experimental
conditions. We did this by calculating diﬀerence scores
for each observer. Baseline estimates (Luminance vs
Luminance) were subtracted from the estimates of per-
ceived alignment and discrimination threshold for the
other experimental conditions (Isoluminant vs Lumi-
nance and Sandwiched vs Luminance). Average diﬀer-
ence scores and related standard errors are plotted in
Figs. 2a (perceived alignment) and b (discrimination
thresholds).
2.1.1. Results
As shown in Fig. 2a, the central bar perceptually
lagged the ﬂanking bars in the Isoluminant vs Lumi-
nance condition relative to the Luminance vs Lumi-
nance condition (t3 = 4.27, p = 0.024). However, there
was no signiﬁcant diﬀerence between the perceived
alignments of the bars during the Sandwiched vs Lumi-
nance and the Luminance vs Luminance conditions
(t3 = 1.04, p = 0.375). As shown in Fig. 2b, it was more
diﬃcult for observers to complete spatial judgments in
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Fig. 2. (a and b) Results from Experiment 1. These bar graphs show
average diﬀerence scores calculated by subtracting estimates of
perceived alignment (d) and discrimination threshold (e) determined
with Isoluminant (see Fig. 1b) vs Luminance (Fig. 1a) motions or with
Sandwiched (Fig. 1c) vs Luminance motions from estimates deter-
mined with Luminance vs Luminance motions. Error bars show ±1 SE
between four diﬀerence scores. (c) Bar graph showing the percentage of
trials during which observers reported seeing illusory jitter in Exper-
iment 3.
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Luminance vs Luminance condition (t3 = 3.813,
p = 0.032). However, there was no signiﬁcant diﬀerence
in task diﬃculty during the Isoluminant vs Sandwiched
and Luminant vs Luminant conditions (t3 = 1.059,
p = 0.367).
2.1.2. Discussion
The results of Experiment 1 can be summarised as
follows: moving isoluminant borders perceptually lag
moving borders deﬁned by large luminance diﬀerences,
but this does not make alignment judgments more diﬃ-
cult. In contrast, alignment judgments are more diﬃcult
when moving isoluminant borders are sandwiched be-
tween adjacent high contrast moving borders, but the
isoluminant border does not appear to lag.
The results of Experiment 1 are consistent with our
earlier observations, that when moving borders deﬁned
by small diﬀerences in luminance (or by chromatic con-
trast) are placed in close proximity to moving borders
deﬁned by large diﬀerences in luminance, the position
of the border deﬁned by small changes can appear to jit-
ter. Presumably, in Experiment 1, the positional uncer-
tainty caused by illusory positional jitter made spatial
decisions more diﬃcult.Previously, we have shown that proximity is a neces-
sary condition for MISC to occur by showing that
MISC is not seen in the absence of motion deﬁned by
large diﬀerences in luminance (Arnold & Johnston,
2003). However, we have not yet systematically explored
the issue of spatial proximity. We could reasonably ex-
pect the rate of recurrent lateral interactions within a
cortical region to be proportional to the distance over
which information must propagate. The rates of recur-
rent interactions between cortical regions, however,
may be less dependent upon intra-cortical distance.
We have not yet systematically explored the ampli-
tude of illusory jitter. Previously we have shown that
MISC rate did not vary as a function of stimulus speed
although the frequency of reporting jitter, and presum-
ably jitter salience, did vary with speed. Since jitter
amplitude and salience may be related, we will explore
MISC amplitude in addition to MISC rate in Experi-
ment 2—in this instance as a function of inter-moving-
border distance.
2.2. Methods of Experiment 2
Four observers participated in this experiment, the
ﬁrst author and three observers who were naı¨ve as to
the purpose of the study. All observers had normal, or
corrected-to-normal, visual acuity.
In diﬀerent runs of trials, observers completed either
frequency or amplitude matching tasks. The sequence of
events that occurred during each trial is depicted in Figs.
3a (frequency matching) and b (amplitude matching). In
both cases, during each trial observers viewed a vertical-
ly translating green bar (width 1.2, height 0.23) super-
imposed on, and therefore surrounded by, a coherently
drifting red bar. Red bar width was 1.4 and the height
could be 1.4, 1.9, 2.8 or 3.8. As the green bar was
centred within the larger red bar, these heights corre-
sponded to inter-moving-border distances of 0.58,
0.83, 1.28, and 1.78.
The moving red and superimposed green bars were
centred 3.75 either left or right of a central ﬁxation
cross, determined at random on a trial-by-trial basis.
On each trial, the trajectory of the green bar commenced
1.17 above or below the central ﬁxation cross, again
determined at random on a trial-by-trial basis. The green
and surrounding red bars then drifted upward or down-
ward, depending upon their initial position, for a period
of 500 ms and were followed by a blank inter-stimulus
interval of 500 ms. Following the inter-stimulus interval,
observers were either shown a static green disc (diameter
subtending 0.93; frequency matching task) or a pair of
static green bars (width 1.2, height 0.23; amplitude
matching task) centred 3.75 on the other side of ﬁxation
relative to the previous moving stimulus (see Fig. 3).
In trial runs where the observer completed the fre-
quency matching task, the static green disc contained a
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Fig. 3. Schematic diagram depicting trial sequences from Experiment 2 during rate (a) and amplitude (b) matching tasks and bar graphs showing
estimates of the perceived rate (c), amplitude (d), and percentage of times that illusory jitter was seen (e) as a function of inter-motion-border
distance.
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of the luminance level of the moving green bar) sampled
at the monitor refresh rate of 100 Hz. The initial fre-
quency of the luminance ﬂicker was 5 or 25 Hz, deter-
mined at random. After each trial, the observer
reported if they felt that the illusory jitter or physical
luminance ﬂicker rate had been faster by pressing one
of two response levers. The rate of luminance ﬂicker
was then adjusted by 2 Hz in order to make it more sim-
ilar to the rate of illusory jitter—a method of adjust-
ment. This sequence was repeated until the observer
indicated that the rates of illusory jitter and physical
luminance ﬂicker matched (by pressing a third response
lever upward) or that no illusory jitter had been seen
during the trial (by pressing the third response lever
downward). During diﬀerent runs of trials, each observ-
er completed this task 15 times for each of the four inter-
moving-border distances sampled. We were therefore
able to determine an average estimate of the rate of illu-
sory jitter (on occasions when it was seen) and to record
the percentage of times that the observer perceived illu-
sory jitter as a function of the inter-moving-border
distance.
The procedure for estimating MISC amplitude was
similar. The initial vertical separation between the pair
of green bars was 0.09 or 1.1, determined at random.
After each trial, the observer reported if they felt that
the amplitude of illusory jitter or the separation between
the pair of static green bars was larger by pressing one of
two response levers. Separation was then adjusted by
0.09. This sequence repeated until the observerindicated that the jitter amplitude matched the separa-
tion between the pair of static green bars.
2.2.1. Results
As shown in Fig. 3c, there was no signiﬁcant varia-
tion between estimates of MISC rate as a function of
the inter-moving-border distance (F3,12 = 0.301,
p = 0.824). As shown in Fig. 3e, there was, however,
a signiﬁcant eﬀect on the saliency of MISC as indicated
by the percentage of trial sequences in which MISC
was reported (F3,12 = 5.044, p = 0.017). Illusory jitter
was seen most often at an inter-moving-border distance
of 0.83. If the distance between the diﬀerent types of
moving border was increased or decreased, illusory jit-
ter was reported on progressively fewer occasions.
Fig. 3d shows the estimated amplitude of illusory jitter.
Analysis of variance (one-way repeated-measures AN-
OVA) revealed that there was also a signiﬁcant inﬂu-
ence of inter-moving-border distance upon jitter
amplitude (F3,9 = 4.973, p = 0.026). Amplitude was
greatest at an inter-moving-border distance of 1.28
and decreased if the distance was increased or
decreased.
2.2.2. Discussion
The ﬁndings of Experiment 2 suggest that the dis-
tance between the diﬀerent types of moving border inﬂu-
ences the salience and amplitude of MISC, but not the
perceived rate. Previously, we found a similar pattern
of results for the eﬀects of stimulus speed on MISC rate
(Arnold & Johnston, 2003).
D.H. Arnold, A. Johnston / Vision Research 45 (2005) 2934–2942 2939The results of Experiment 2 and our previous results
(Arnold & Johnston, 2003) are not compatible with the
view that MISC rate is stimulus driven. In our previous
study, characteristic MISC rates were observed when the
temporal and spatial properties of the stimulus were
invariant. Similar MISC rates were observed in this
experiment. These estimated MISC rates do not vary
when we change the spatial dimensions of the stimulus
(Experiment 2), or the speed of object motion (Arnold
& Johnston, 2003), nor do the apparent rates corre-
spond with any physical properties of the display.
The invariance of MISC rate as a function of stimu-
lus speed and spatial conﬁguration appears to discredit
some form of masking (see Brietmeyer, 1984) as a causal
mechanism for MISC. Hypothetically, perhaps the lead-
ing border deﬁned by large changes in luminance might
intermittently mask the following border deﬁned by very
small changes in luminance (or by chromatic contrast).
Of course, any masking account of MISC would neces-
sarily assume that the underlying mechanism is both
spatially and temporally dependent as MISC does not
occur in the absence of retinal motion no matter what
the stimulus duration (Arnold & Johnston, 2003), an
observation that rules against purely temporal depen-
dence. Given these observations, we would expect the
rate of any intermittent masking to be related both to
speed and the spatial dimensions of the stimulus as these
factors would determine the relative timings at which the
two types of moving border are in the same location on
the retina. Motion adaptation (see Mather, Verstraten,
& Anstis, 1998) does not appear to contribute as we
have also observed MISC, admittedly during informal
observations, during very brief stimulus presentations
(100 ms, Arnold & Johnston, 2003). We can, however,
address both these possibilities empirically by systemat-
ically manipulating the duration of stimulus motion.
2.3. Methods of Experiment 3
Four observers participated in this experiment, the
two authors and two observers who were naı¨ve as to
the purpose of the study. All observers had normal, or
corrected-to-normal, visual acuity and colour vision.
During each trial, observers viewed a pair of stimuli
consisting of green bars (width 1.4, height 0.23) super-
imposed onto larger red squares (2.1) that were dis-
played against a dark background (see Fig. 1d). The
stimuli were centred 4.67 to the left and right of a cen-
tral ﬁxation cross. At the start of each trial, the two
stimuli would appear and one would move upwards
while the other moved downwards for a period of
160 ms. When the stimuli appeared, the green bars were
physically aligned with the ﬁxation point. After the peri-
od of motion, the two stimuli would remain in their ﬁnal
positions until the observer terminated the trial, at
which point the stimuli disappeared, by pressing oneof two response levers. The observers response on each
trial indicated if the green bars appeared to jitter while
moving. Each observer completed 20 such trials and
the percentage of trials, following which observers
reported MISC, was recorded.
2.3.1. Results and discussion
As shown in Fig. 2c, robust illusory jitter was ob-
served when the duration of stimulus motion was
restricted to just 160 ms (t3 = 12.74, p = 0.001). Given
the very brief duration of the stimulus motion, this
seems to dictate that motion adaptation does not play
a causal role in MISC generation. In addition, given that
the green bars never occupied the same positions as the
edges of the red squares, it seems highly improbable that
MISC could result from some form masking that is both
spatially and temporally dependent.
Of course, the possibility that some form of spatially
and temporally dependent masking might play a causal
role in MISC generation is further undermined by the
invariance of MISC rate as a function of stimulus speed
(Arnold & Johnston, 2003) and spatial conﬁguration
(Experiment 2). As MISC rate does not vary as a func-
tion of these stimulus characteristics, we have proposed
that MISC rate might be generated within the visual sys-
tem by a neural process that has a characteristic beta
range frequency. We hope that MISC rate will provide
a means of identifying the neural mechanisms underly-
ing MISC using brain-imaging techniques, such as
time-frequency analyses of MEG. At this point, howev-
er, we have no strong evidence to suggest at what point
within the visual hierarchy MISC might be generated.
Often it is possible to ascertain at what point in the
visual pathway a percept is generated using psychophys-
ical techniques. For instance, if a phenomenon displays
inter-ocular transfer, a cortical locus is implicated. Inter-
ocular transfer is evident if a stimulus shown selectively
to one eye has an inﬂuence upon a stimulus shown to the
other eye. Inter-ocular transfer demonstrates cortical
involvement because information arising independently
from the two eyes only becomes integrated within the
cortex. One can also use dichoptic displays in which dif-
ferent stimuli are presented to each of the two eyes. Inte-
gration of these stimuli requires the combination of
information in the monocular views. Consequently,
one way to show that MISC is caused by cortical activ-
ity would be to show that it could occur when one type
of moving border (say high luminance contrast) is pre-
sented to one eye and the other type of moving border
(low luminance contrast) is presented to the other. We
explore this possibility in Experiment 4.
2.4. Methods of Experiment 4
Five observers participated in this experiment, the
two authors and three observers who were naı¨ve as to
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Fig. 4. Bar graphs showing the average percentage of times that
illusory jitter was seen by four observers in each of the four stimulus
conﬁgurations tested in Experiment 4. Error bars show ±1 SE between
four individuals estimates of jitter percentage.
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reovision and normal, or corrected-to-normal, visual
acuity.
The stimulus was viewed binocularly from 57 cm in a
darkened room with the observers head restrained by a
headrest. A prism was positioned in front of the observ-
ers right eye. The prism mirror reversed the image
reaching the right eye, so that points lying physically
to the left of ﬁxation were seen to the right. No prism
was placed in front of the left eye.
The stimulus conﬁgurations used in Experiment 4 are
depicted in Figs. 1e–h. In all conﬁgurations, static red
columns (width 1.4, height 8.4) were positioned 2.57
to the left and right of a central ﬁxation cross. Pairs of
small green bars (width 0.6, height 0.23) were placed
to the left and right of both red columns, with a 0.2
gap between the edges of the small green bars and the
edge of the red column. There was a 2.1 vertical sepa-
ration between the pairs of small green bars. As the
small green bars and red columns were always shown
on both sides of ﬁxation, they served as an eﬀective fu-
sion lock.
In all conﬁgurations, large green bars (width 1.4,
height 0.23) were superimposed on one or both red col-
umns. In the conﬁgurations depicted in Figs. 1e and f,
large green bars were superimposed on both red col-
umns. In the conﬁgurations depicted in Figs. 1g and h,
the large green bars were superimposed only on the left
red column. In the conﬁgurations depicted in Figs. 1f–h,
the large green bars could be interspersed with black
bars superimposed on either both (1f), the left (1g) or
the right (1h) red column. The width of the black bars
was 0.7, so the vertical gap between the edges of the
large green and black bars was 0.7.
At the start of each trial, the stimulus was static and
only contained the static red columns and the smaller
ﬂanking green bars. Depending upon the conﬁguration,
dark bars and the appropriate large green bars then ap-
peared and, after 250 ms, all the bars drifted downwards
for a period of 500 ms. Movement then ceased and the
dark and large green bars disappeared.
In conﬁgurations depicted in Figs. 1e and f, the stim-
uli were symmetrical. As a consequence, although the
image reaching the right eye was mirror reversed, both
eyes were actually shown the same image. However, in
the conﬁgurations depicted in Figs. 1g and h, the stimu-
lus conﬁguration was asymmetric so the images reaching
the two eyes diﬀered. This creates the possibility of clas-
sical binocular rivalry between the diﬀerent eye views
(for a review of this issue, refer to Blake & Logothetis,
2002). However, the sudden appearance of the dark
and large green bars and the brief presentation of the
stimulus were designed to counter rivalry and ensure
that both the dark and large green bars were perceived.
In the conﬁguration depicted in Fig. 1e, the large
green bars translated across subjectively isoluminantred surfaces, so we refer to this as the Isoluminant con-
dition. In the conﬁguration depicted in Fig. 1f, large
green bars were interspersed with dark bars on both
sides of ﬁxation. We refer to this as the Binocular con-
dition. In the conﬁguration depicted in Fig. 1g, the large
green and interspersed dark bars were shown on the
same side of the image. However, as the right eye image
was mirror reversed, the large green and dark bars were
seen on both sides of ﬁxation. We refer to this as the
Ipsilateral condition. In the conﬁguration depicted in
Fig. 1h, the large green and dark bars were shown on
opposite sides of the images. However, as the right eye
image was mirror reversed, large green and dark bars
were also seen on both sides of ﬁxation in this conﬁgu-
ration. We refer to this as the Contralateral condition.
After each trial, the observer indicated if they felt that
they had seen any illusory jitter of the large green bars
by pressing a response lever either up or down. During
a run of trials, the four stimulus conﬁgurations were
each presented 15 times in a pseudorandom order.
2.4.1. Results
As shown in Fig. 4, there was signiﬁcant variation be-
tween the percentages of times that MISC was reported
following presentations of the four diﬀerent stimulus
conﬁgurations (F3,14 = 4.006, p = 0.03). There was no
signiﬁcant evidence of MISC during the Isoluminant
condition (t4 = 1.767, p = 0.152), however, there was
signiﬁcant evidence of MISC during the Binocular
(t4 = 34.462, p < 0.001), Ipsilateral (t4 = 8.020,
p = 0.001) and Contralateral conditions (t4 = 4.014,
p = 0.016).
2.4.2. Discussion
The results of Experiment 4 show that MISC can be
induced by an interaction between diﬀerent types of
moving border that are shown selectively to diﬀerent
eyes. It should be noted that MISC observed in these cir-
cumstances is less robust than that observed when the
diﬀerent types of moving border are shown to the same
eye. This, perhaps, is because MISC is disrupted by
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nism that causes MISC is at least partially monocular.
In either case, the fact that MISC can be induced in
these circumstances suggests that the process is at least
partially binocular and therefore strongly implicates
the cortex in MISC generation.3. General discussion
We have recently observed that diﬀerent types of
moving border, deﬁned by large and small diﬀerences
in luminance, interact to create an illusory spatial jitter
(Arnold & Johnston, 2003). Previously, we relied upon
subjective reports to identify the character of the illu-
sion. In Experiment 1, we used a performance measure
that showed that subjective MISC is associated with im-
paired spatial acuity—consistent with the characterisa-
tion of MISC as spatial jitter.
One of the most surprising aspects of MISC is that
the rate of illusory jitter appears to be driven by the rate
of a dynamic neural circuit—not by any physical prop-
erty of the display. Previously, we showed that MISC
rate does not change when we adjust the speed of the
stimulus (Arnold & Johnston, 2003). Experiment 2
shows that MISC rate is not inﬂuenced by the proximity
of the diﬀerent types of moving border either. However,
both speed and inter-moving-border distances appear to
inﬂuence MISC saliency. Less MISC was reported at rel-
atively rapid (9) and slow (4.5) speeds (Arnold &
Johnston, 2003) and at larger inter-moving border dis-
tances (Experiment 2).
Here, and previously (Arnold & Johnston, 2003), we
have used a method of adjustment to match rates of illu-
sory jitter and physical luminance ﬂicker. We decided
against a forced choice paradigm where observers are
shown two stimuli and are required to choose oneof them.
During beta testing, we used a forced choice task to ex-
plore MISC rate and found that observers were more
likely to choose the illusory jitter that appeared most sali-
ent (as revealed by the results of Experiment 2). Conse-
quently, we chose to adopt the method of adjustment as
it focuses observers upon the relevant dimension—in this
case jitter rate rather than jitter salience.
The fact that we did not observe any variation in the
estimated rate of MISC as a function of inter-moving-
border distance may indicate that the rate of MISC does
not depend upon lateral propagation velocities. Howev-
er, MISC rate may depend upon interactions between,
rather than within, cortical regions. Alternatively, the
lack of systematic variation may arise because the in-
crease in the time required for neural activity to propa-
gate over increased cortical distances is too subtle to be
detected psychophysically.
We have suggested that the functional purpose of
MISC might be to maintain object integrity (Arnold &Johnston, 2003). Because the perceived speeds signalled
by high and low luminance contrasts diﬀer, when these
types of contour are placed in close proximity the mo-
tion cues are consistently at variance with the unchang-
ing spatial conﬁguration. Unless some form of
resolution occurs, the two boundaries might appear to
disengage (Nguyen-Tri & Faubert, 2003). We have pro-
posed that MISC may be a visible consequence of this
resolution.
According to this proposal, we would expect MISC
to be mediated within cortex—where reciprocal activity
from motion sensitive mechanisms could inﬂuence spa-
tial coding. This suggestion is consistent with the results
of Experiment 4, which show that diﬀerent types of
moving border can interact and cause MISC when
shown selectively to diﬀerent eyes. The observation that
MISC is probably caused by cortical activity suggests
that, in future, we may be able to identify the neural cor-
relate of this perceptual experience by identifying corti-
cal activity that displays the same characteristic
frequency.
Of course, at this point, our interpretation of MISC
remains speculative. However, it does not appear that
MISC can be directly related to more extensively stud-
ied visual phenomena like visual masking (see Briet-
meyer, 1984) or motion adaptation (see Mather et al.,
1998). We believe that the characteristic rate of MISC
suggests some association between this phenomenon
and the beta-band phase synchronisations that have
been recorded in cortex (Tallon-Baudry et al., 2001;
von Stein et al., 1999) and implicated in mediating
interactions between distributed regions (Bibbig et al.,
2002; Gross et al., 2004; Kopell et al., 2000). However,
further work will be needed to link this perceptual phe-
nomenon with its underlying neurophysiological
substrate.4. Conclusions
When motion signals associated with large and
small diﬀerences in luminance-contrast (or by chromat-
ic-contrast) occur in close spatial proximity, the low
contrast border can appear to jitter—a phenomenon
we refer to as MISC. Here, we show that this subjec-
tive phenomenon is concomitant with a reduction in
performance in a spatial judgment task—supporting
the view that there are shifts in the apparent location
of the low contrast boundary. We believe that MISC
rate is related to the dynamic characteristics a cortical
feedback circuit rather than to any physical properties
of the stimulus. We propose that the functional pur-
pose of this process is to maintain object integrity
when spatial conﬂict is suggested by motion cues that
are consistently at variance with the conﬁguration of
the stimulus.
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